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Abstract. In this paper, we present a physically-based simulation framework to
build up real-time Minimally invasive surgery (MIS) simulators using point-
based techniques. In our framework, simulations of organ contacts, collisions,
deformations and haptic feedbacks are all based on discrete physics points. We
propose a new smoothed particle hydrodynamics (SPH) approach to simulate
non-linear biological soft tissues with a specified tensor computation scheme
and experimentally measured organ parameters. We employ a uniform grid
method to handle collisions and contacts between organs and surgical instru-
ments represented by particles in real-time. Additionally, a point-based smooth-
ing method for contact feedback is proposed. Our framework could simulate
complex surgical scenes in MIS simulation in a unified way, and improve the
time efficiency of the entire system without loss of physics accuracy, as shown
in our experiment results.

Keywords: Minimally invasive surgery simulation, deformable modeling,
point-based simulation, SPH, physically-based modeling.

1 Introduction

Computer-based training system for Minimally invasive surgery (MIS) plays a more
and more important part in today's surgical residents’ education. And the realism of
the virtual surgery scenarios significantly affects the effects of training. In common
surgical simulators, different parts of simulation are usually based on different
physics or computation models (e.g. FEM [5], BEM [1] or mass-spring [136]) and
different data representations (e.g. volume mesh, surface mesh or particle systems).
Because there exists hardly any direct correlation between these models, the interac-
tion between them becomes a bottleneck of simulation. To couple these heterogene-
ous models in one system and let them work together with high performance is a
challenging task in today’s real-time surgical simulators.

Considering all these drawbacks of model diversity in surgical simulation, in this
paper we present a unified framework to represent models and simulate physics be-
haviors in surgical environment. Our framework is mainly based on point-based simu-
lation techniques, which draws a lot of attention in the field of computation physics,
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computer graphics over the past years ([2], [3], [7], [10]). Since most existing point-
based applications are focusing on video games, computer animation and off-line
physics simulation, there are few research works ([11], [12]) concerning with apply-
ing these techniques in the field of real-time biomedical simulation. In our work, a
physically-based simulation framework purely using discrete physics points instead of
surface or volume meshes is applied in simulating laparoscopic surgery procedures,
including simulating organ deformation, controlling instrument movement, detecting
collision and computing haptic feedback.

Comparing with the point-based modeling methods used in computer graphics and
video games, whose mainly concerns are time efficiency, our modeling approach
focus on simulating human organ deformations realistically in virtual surgical envi-
ronment. To achieve this goal, a new strain-stress tensor computation scheme is
combined with SPH method, and material properties of different organs are deter-
mined via biomechanics experiments. Our framework contains four main parts:
medical data segmentation and point extraction, point-based deformable modeling,
collision and haptic handling and visualization feedback. We will discuss each of
them in the following.

2 Medical Data Segmentation and Point Extraction

In this stage, organ models necessary for constructing virtual surgery scenes are seg-
mented from the CT image data, and then discrete physics points are extracted from
the set of pixels of each segmented organ by using an adaptive sampling algorithm.
Different number of sampled points could meet the efficiency requirements in differ-
ent detail-levels (as in Fig.1). Additionally, surface meshes of organs for visualization
are reconstructed by employing marching cube method. In simulation steps, visualiza-
tion mesh and physics points are combined together by a simple interpolation method
(in section 4).

1 Y

Fig. 1. Surface mesh (first figure on the left) and physics points with different detail levels
(three figures on the right) of a liver model are extracted from raw medical data

3 Point-Based Deformable Modeling

With the extracted physics points in the previous step, we use Smoothed Particle
Hydrodynamics (SPH), a mesh-free particle system approach to simulate the elasto-
mechanical properties of soft bodies in a physically motivated way. Recently similar
works in computer graphics could be seen in [3] [2] [7].
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3.1 SPH-Based Elasticity Model

SPH method is an interpolation method to approximate properties carried by discrete
particles. In SPH method, a deformable object is replaced by a set of particles, and
each of them carries a series of physics properties. The local physics property
f(x,) and its gradient Vf(x,) of particle i could be approximated by interpolating the

properties of its neighbors using the following function:

f(xl.)=§r;jf(xj)W(xi—xj,h) D
Vf(xl.) = %r:;f(xijW(xi —xj,hj 2)

in which W(x, —xj,h) is kernel function and # is influence radius. In our approach, we

use the spiky kernel function as in [3]. The neighbor information and density of each
particle is pre-computed before simulation loops.

The way we use to compute the organ deformation based on SPH is similar to [2],
in which deformable model is assumed as a Hookean material. The strain € and the
stess o follow the following rules:

o=Ce 3)

in which C is a rank four tensor. As for isotropic materials, C could be represented by
a 6x6 matrix determined by Young’s Modulus and Poisson Ratio of linear elastic
materials as in [2] and [7]. In our case, we use coefficients 4, 4, and A, determined

from non-linear anatomical tissue experiments (in Part 3.2) to compute the tensor C.
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Fig. 2. The left figure shows a solid (blue lines) deforms from the rest shape (orange line) due
to the external force. The displacement of each physics point is computed according to the
displacements of its neighbors within distance h. The right figure illustrates the displacements
of surface vertices (green) are computed based on the displacements of the neighbor physics
points (blue) as in section 5.

SPH method is employed to approximate the derivatives of displacement of each
particle:

Vu, = 37w, —u VW (x! -x).h) )
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where p is the density of particle i, which is pre-computed using the information of
the referenced rest shape of the object.
With Vu, , ¢ is computed as Green-Saint-Venant strain tensor with the form

e=Vu+Vu' +VuVu’ ()

Stress tensor o, is calculated using equation (3). With both strain and stress, we
could get the strain energy density on each point and the elastic force is computed as
the derivative of the energy density with respect to the direction of displacement u as
in [2]. In detail, the elastic force f exerted on particle j by particle i is computed as

m.
ffi =-VuU, = _;(I + Vui)o-idij (6)
With
4,="V(x) -x.h) )
P;

In each time step, the forces including elastic force, body force and external force
on each particle are summed up and applied in a common ODE solver to evolve the
system with time (in Fig. 3). To improve the numerical stability, we employ XSPH
[4] to smooth the interpolation values and use a second order Runge-Kutta integration
scheme in the ODE solver.

cescnuas

Fig. 3. An elastic cube deforms under pressure of a nipper. Our point-based elastic model and
the experimental material parameters are employed. Images are taken every 20 timesteps with
(left 4 pictures) and without (right 4 pictures) combined surface rendering.

3.2 Physically Accurate Organ Elastic Tensor

In most applications simulating soft body in computer graphics, the material proper-
ties are simply controlled by the Poisson Ratio and Young’s Modulus embedded in
tensor C. However, as for non-linear materials such as biological soft tissues, this is
not accurate enough. In our method, we compute the tensor C based on polynomial
energy functions with parameters determined by biological mechanics experiments.
The tensor C is computed using the following equation
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We determine the coefficients 4, , 4, and 4, for different anatomical organs by meas-

uring the displacement-load relations of tissues sampled from different parts of por-
cine kidney and liver on INSTRON mechanics equipment and fitting the strain-stress
curve using polynomial interpolation method. We get the parameters for kidney and
liver model used in our surgical environment as in Table 1.

Table 1. Empirical parameters for different organ models

) 2, A,
Liver 1788.32 -1981.95 6.712
kidney 1646.02 3503.93 5.569

With the measured parameters to represent tensor C, it is possible to describe the
specific deformation behaviors of specific organs and tissues.

4 Collision Handling, Haptic Feedback and Visualization

Detecting collision and simulating the interactions between organs and surgical in-
struments is a very important part in real-time surgical simulation. In our point-based
framework, all the objects are represented as points carrying physical properties, so
we use a uniform grid to compute their interactions.

The uniform grid (as in Fig.4) subdivides the space of the laparoscopic surgical en-
vironment into N> voxels with the same size. N is computed as N =L/ h, in which L
is the longest length of space and h is the influence radius used in SPH. In each time
step, for each particle i, the indexes x, y, z of voxel b(x, y, z) where it locates is up-
dated and the collisions of particle i is detected and handled locally within the 27
neighbor voxels. Uniform grid method requires more memories, but it is a highly
parallelizable method which could be easily implemented on GPGPU.

After detecting collisions in uniform grid, a correct response should be made both
visually and haptically. Since our collision response method is impulse-based as in
[9], drastic changes of response force usually occur when the time step is large, which
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Fig. 4. The surgical environment is modeled as a uniform grid (blue grid in left and middle
picture). The model is visualized as a surface mesh (left), physics points are inserted in to the
grid (middle), and the voxel containing physics points (green) are updated in each time step
(right).

will make the haptic feedback discontinues. On the other hand, in point-based meth-
ods, external force is usually added on one discrete physics point, which will lead to
various inconsistencies because the contact area is a finite area rather than a infinite
point in real world. To overcome these drawbacks, we integrate pressure mask, a
method used in boundary element method [1] to smooth the force distribution on the
surface, into our framework to get a smoothed haptic feedback from the deformed
anatomical organ.

The basic idea of pressure mask is very simple: a smoothed scalar function is used
to distribute a vector on a single discrete point to a continuous local area. The scalar
function should satisfy the normalizing condition and smoothness condition with
compact support. In our framework, we simply reuse the SPH kernel function in de-
formable solid simulation as the force mask. The external force exerted on each
neighbor particle is calculated as

¢ w (x[. —X, h)
I ) (11

After mask the external force in a local area, the force exerted on one single point is
distributed smoothly on a set of neighbor points. And we can get the continuous hap-
tic feedback over time steps (illustrated in Fig. 6).

Visualization in our framework is implemented by combining physics points and
renderable surface mesh in real-time. The combine method is based on interpolation
between vertexes of surface meshes and physics points. The SPH kernel function is
used to sum up the weighted displacements of neighbor physics points and this sum is
regarded as the displacement of the surface vertex:

ZW(XI' _X/’h)uﬁhvx
uxurf — j
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in which u” is the displacement of surface vertex and u’"" is the displacement of its

neighbor physics points (illustrated in Fig. 2 ). This method is very fast and easy to
implement. And high resolution visual feedback of surgical scenes (in Fig. 5) could be
provided from a small number of physics points. But this method is weak in preserv-
ing the deformation details of the surface. To improve this condition, adaptive particle
methods [13] could be applied.

Fig. 5. A Minimally invasive surgery simulator based on our point-based simulation framework

S Experiments and Results

As the physics accuracy of visualization and haptic feedback are demonstrated in
section 3 and 4, in this part we will focus on the scalability and time performance of
our framework. All the experiments were carried out on a 2.26GHz Pentium M note-
book PC with GeForce 9650M graphics card and 2 GB of memory.

First, we test the scalability of our deformable model by simulating models with
different number of physics points. We generate deformable cubes (Fig. 3) with phys-
ics points increasing linearly from 500 to 3000. Then an external force is added on its
surface and the time cost of processing deformation is recorded in each time step. The
process includes deformation computing, updating surface meshes and generating
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Fig. 6. The left figure illustrates time cost of deformation computing increases linearly with the
number of physics points. The right figure shows smoothed elastic response force of the contact
point after employing the pressure mask method as in section 4.
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haptic feedback. Space grid updating and rendering time are not taken into account.
As illustrated in Fig. 6, the time cost meets the real-time requirements well, and in-
creases linearly with the number of points increasing. Comparing with the O(n?) time
complexity of FEM or BEM model, this demonstrates that the speedup of the point-
based model in our framework is noticeable even for large number of models.

To evaluate the time performance of different parts of our framework, we extend
the previous test to an integrated MIS environment including interaction and render-
ing (Fig. 5). Then we record the time cost of different parts in each time step as in
Table 2.

Table 2. Time performance of different parts in an integrated simulation

Physics- Deformation Collision Integration Rendering

Num (ms) (ms) (ms) (ms)
1000 5.3099 0.7799 0.1422 0.4700
2000 11.3999 1.8800 0.1452 0.4599
3000 17.6499 2.8099 0.1503 0.4700
4000 23.7500 4.0699 0.1540 0.4700
5000 30.1599 5.0000 0.1600 0.6200

The results show that the main computation resource is focusing on physically-
based computing, while the time cost of collision handling (including updating uni-
form grid), integrating and rendering part is tiny comparing with the deformation part.
Something worth notice is that the time cost of integration is nearly constant with the
same surface mesh. This means that it is easy to couple a fine sampled particle system
with a surface mesh to enhance the realism of deformation without increasing the
integrating cost. The MIS simulator with our framework could work at 60 fps in aver-
age, and this proves to be suitable for real-time applications.

6 Conclusion

In this paper we propose a point-based simulation framework for MIS simulators. We
integrate point-based techniques in model construction, deformable simulation, colli-
sion handling and haptic rendering into a unified framework to simulate the physics
behaviors in MIS system. In this framework, our current work is focusing on simulat-
ing organ deformations and handling interactions. Future work will be related to inte-
grating blood simulation into this framework to enhance reality and use GPGPU to
improve the time efficiency because most of the point-based algorithms in our
framework are parallelizable.
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